Deregulation of the hedgehog (HH) pathway results in overexpression of the GLI target BCL2 and is an initiating event in specific tumor types including basal cell carcinoma of the skin. Regulation of the HH pathway during keratinocyte differentiation is not well understood. We measured HH pathway activity in response to differentiation stimuli in keratinocytes. An upregulation of suppressor of fused (SUFU), a negative regulator of the HH pathway, lowered HH pathway activity and was accompanied by loss of BCL2 expression associated with keratinocyte differentiation. We used in vitro and in vivo models to demonstrate that DNp63a, a crucial regulator of epidermal development, activates SUFU transcription in keratinocytes. Increasing SUFU protein levels inhibited GLI-mediated gene activation in suprabasal keratinocytes and promoted differentiation. Loss of SUFU expression caused deregulation of keratinocyte differentiation and BCL2 overexpression. Using in vivo murine models, we also provide evidence of GLI-mediated regulation of the TP63 pathway. p63 expression appears essential to establish an optimally functioning HH pathway. These observations present a regulatory mechanism by which SUFU acts as an interacting node between the HH and TP63 pathways to mediate differentiation and maintain epidermal homeostasis. Disruption of this regulatory node can be an important contributor to multistep carcinogenesis.
Epidermal homeostasis necessitates a balance between proliferative cells and keratinocyte differentiation. 1 This balance is regulated by the action of characteristic developmental pathways acting sequentially through specific transcription factor modules. 2 These pathways preserve epidermal homeostasis by their ability to regulate the spatiotemporal expression of downstream target proteins. Deregulation of these pathways has been shown to directly contribute to the formation of tumors, including basal cell carcinomas (BCCs). 2, 3 A homolog of TP53, TP63, has an essential role in development. Murine models lacking TP63 show extensive defects in epidermal development and die at birth. 4, 5 Alternate promoter usage gives rise to two different classes of p63 protein characterized by the presence or absence of an N-terminal transactivation domain (TA) and DN, respectively. C-terminal splicing results in isoforms with three distinct C-termini (a, b, and g). The six distinct p63 isoforms have diverse transcriptional and functional activities. TAp63 is expressed early during embryogenesis and is critical for the maintenance of stem cells in the epidermis. 6, 7 DNp63a, the predominant p63 isoform expressed in epidermal keratinocytes, has a crucial role in epidermal morphogenesis and is the focus of this study. [8] [9] [10] DNp63, identified as a regulator of cell proliferation, also has a role in initiation of epidermal differentiation and stratification. 9, 11, 12 Binding of the sonic hedgehog (SHH) ligand to the membrane-bound patched (PTCH) receptor complex results in derepression and activation of the hedgehog (HH) pathway, which enables the effector GLI transcription factor to modulate target gene expression. 13 In the absence of receptor-ligand interaction, PTCH inhibits phosphorylated activation of smoothened (SMO). In addition, the HH pathway can be modulated by cytoplasmic suppressor of fused (SUFU), which inhibits nuclear translocation of effector GLI proteins, thereby facilitating GLI processing into their repressor forms. [13] [14] [15] An active HH pathway in keratinocytes is associated with cellular proliferation and is necessary for normal epithelial development. 16 Deregulation of the pathway due to mutations in PTCH, SMO, and SUFU can be initiating events in specific tumor types. 3, 17, 18 In BCCs, constitutive activation of the HH pathway is a frequent event 3, 17 that results in disordered proliferation and differentiation, as well as apoptosis resistance through upregulation of the GLI target gene BCL2.
BCL2, an antiapoptotic member of a signature family of proteins, is often deregulated in cancer. 21, 22 In the epidermis, BCL2 protein is confined to basal keratinocytes, the outer root sheath cells of the hair follicle, and is associated with undifferentiated cells having proliferative potential. 23 Suprabasal keratinocytes lose expression of BCL2. Very little is known about the mechanisms regulating the HH pathway in differentiating keratinocytes. The goal of the study was to examine potential mechanisms that regulate the HH pathway and its target BCL2 during keratinocyte differentiation.
In the present study, a reduction in HH pathway activity and BCL2 transcript levels along with increased SUFU expression was observed after induction of differentiation in primary epidermal keratinocytes. Targeted overexpression of DNp63a resulted in an increase in SUFU protein with consequent downregulation of HH pathway activity in the epidermis of genetically engineered mice. Furthermore, we showed that activation of the HH pathway by loss of SUFU or overexpression of GLI in murine models results in an increase in p63 protein. On the basis of these in vitro and in vivo observations, we postulated a potential mechanism by which differentiation, proliferation, and survival of epidermal keratinocytes could be coordinately regulated by reciprocal TP63/HH pathway interactions.
Results
The HH pathway is downregulated during keratinocyte differentiation. It has been shown that calcium-induced differentiation of primary human keratinocytes (PHKs) results in a selective decrease in BCL2 protein levels 24, 25 (Supplementary Figure S1) . In order to determine if this decrease in BCL2 protein expression was due to transcriptional changes, luciferase assays using a 2.8-kb BCL2 promoter luciferase (BCL2-LUC) construct were performed in PHKs, which were induced to differentiate by increasing the extracellular calcium concentration in the culture media. Extracellular calcium-mediated differentiation resulted in significant downregulation of BCL2 promoter activity ( Figure 1a ). The decrease in BCL2 promoter activity was accompanied by a reduction in BCL2 transcript levels as measured by quantitative PCR (qPCR; Figure 1b) . In order to determine if the changes in BCL2 transcription corresponded to changes in GLI pathway activity, PHKs were transfected with a GLI luciferase reporter (GLI-LUC). PHKs were grown in regular low calcium medium (0.05 mM) to allow proliferation or high calcium medium (1.5 mM) to induce differentiation. Compared with PHKs grown in low calcium medium, PHKs induced to differentiate in high calcium medium showed a significant repression of the GLI-LUC reporter ( Figure 1c ) consistent with HH pathway downregulation during differentiation.
In order to evaluate changes in GLI-DNA interactions in PHKs during differentiation, electrophoretic mobility shift assays (EMSAs) were performed using protein extracts from PHKs induced to differentiate using methylcellulose suspension. 26 A significant reduction was seen in GLI protein binding to a consensus GLI-binding site oligonucleotide in methylcellulose-differentiated PHKs compared with proliferating undifferentiated PHKs (Figure 1d and Supplementary Figure S2 ). The nuclear translocation of GLI proteins is controlled by SUFU, the negative regulator of the HH pathway. 14, 15 Using qPCR, we examined activation of SUFU transcription in differentiated HaCaT keratinocytes. We observed a significant increase in SUFU mRNA levels in keratinocytes induced to differentiate 27, 28 ( Figure 1e ). HaCaT keratinocytes also exhibited a corresponding reduction in BCL2 transcript levels (data not shown). We also observed an increase in SUFU protein expression in PHKs induced to differentiate (Supplementary Figure S3) . Together, these observations imply that the GLI pathway is actively downregulated in differentiating keratinocytes secondary to an increase in SUFU transcriptional activity and subsequent reduction in nuclear GLI.
In addition to GLI1 19 (Supplementary Figure S4) , GLI2 is a potent activator of BCL2. 20 We confirmed that increasing amounts of SUFU can negate GLI2-mediated activation of the GLI-LUC reporter in PHKs, which has been shown in other systems 14 in a dose-responsive manner (Supplementary Figure S5) . We sought to determine whether increasing SUFU protein levels could counteract GLI2-dependent activation of BCL2 in PHKs. A GLI2 expression construct was transfected along with a BCL2-LUC construct into PHKs followed by increasing amounts of SUFU expression vector. We observed that cotransfection of the SUFU expression vector into PHKs with GLI2-impeded GLI-mediated activation of the BCL2-LUC in a dose-dependent manner (Figure 2a ). This suggests that increasing SUFU levels inhibits the binding of GLIs to the promoters of target genes, thereby preventing their activation during differentiation.
Loss of SUFU disrupts differentiation of keratinocytes. SUFU has been shown to act as a tumor suppressor because of its ability to suppress the HH pathway. 18 In order to examine whether loss of SUFU would enhance activity of the HH pathway and its target BCL2 in keratinocytes, BCL2 and GLI reporter activity were assessed using a SUFU knockdown strategy. siRNA-mediated depletion of SUFU in PHKs caused a significant increase in both GLI-LUC ( Figure 2b ) and BCL2-LUC ( Figure 2c ) activity compared with controls. An immunohistochemical (IHC) assessment of BCL2 protein expression was performed on epidermal sections obtained from SUFU þ / À and SUFU wild-type (WT) control littermate mice to evaluate the impact of SUFU deficiency on BCL2 expression in vivo (Figure 2d ). BCL2 expression was relatively weak and confined to basal keratinocytes in control mice ( Figure 2d ). In contrast, BCL2 was present at increased levels in the epidermis of SUFU þ / À mice and was no longer confined to basal keratinocytes, but also detectable in the suprabasal layers (Figure 2d In aggregate, the in vivo and in vitro data suggest that induction of SUFU is necessary for the appropriate restriction of BCL2 expression to basal keratinocytes and that loss, or reduction, in SUFU expression in the epidermis is associated with altered differentiation.
DNp63a regulates SUFU expression in keratinocytes.
Regulators of SUFU expression during keratinocyte differentiation have not been fully characterized. It is noteworthy that recent studies employing genome-wide ChIP analysis identified SUFU as a target of DNp63a. 29, 30 The ectopic expression of human DNp63a in H1299 cells resulted in an increase in SUFU mRNA as assessed by qPCR (Figure 3a) . In order to examine whether loss of DNp63a affects SUFU transcriptional activity, a siRNA strategy to knockdown p63 in ME-180 cells was performed. ME-180 cells express only the DNp63 isoform 30 and p63 knockdown resulted in a significant reduction in the level of DNp63a protein (Figure 3b) . A significant decline in SUFU mRNA was observed in DNp63-depleted ME-180 cells (Figure 3c) .
In order to assess the effect of modulating DNp63a on SUFU expression in vivo, a transgenic (TG) mouse model in which DNp63a was specifically targeted to the basal layer keratinocytes and the outer root sheath of the hair follicles in mouse skin was used (DNp63a bigenic mice, DNp63a BG). Immunofluorescence microscopy showed that SUFU protein expression was higher and presented a more diffuse distribution in the epidermis of the DNp63a BG mice than in WT control mice (Figure 4c ). In order to evaluate the effect of DNp63a-mediated SUFU activation on BCL2, we assayed both BCL2 transcript and protein levels in the epidermis of DNp63a BG and WT mice. We found a significant reduction in BCL2 mRNA (Figure 4d ) and protein (Figure 4e and Supplementary Figure S6 ) levels in keratinocytes obtained from the DNp63a BG mice compared with matched control mice.
HH pathway activation results in increased DNp63a expression. Deficiency of SHH or TP63 results in defects in prostate and epidermal development as observed in genetically engineered mouse models. [32] [33] [34] [35] We used a GLI1 TG mouse model (GLI1 TG) 36 to assess in vivo activation of DNp63a in the epidermis by the HH pathway. qPCR analysis was carried out with primers that measured amounts of the DNp63 isoforms or the p63a (DN and TA) variants. Analysis of transcripts from the skin of GLI1 TG mice demonstrated an increase in TP63 (pan-p63), DNp63, and p63a mRNA relative to control littermate mice as determined by qPCR (Figure 5a ). Increases were also observed in transcript levels of the GLI1 target BCL2 (Figure 5a ). This suggests an upregulation of DNp63a transcription upon GLI1 activation. IHC analysis using an antibody (pan-p63 4A4) to detect all p63 isoforms or only the p63a isoforms demonstrated an increase in p63a protein and the presence of the p63a isoform in the suprabasalar layers of the epidermis in GLI1 TG mice in contrast to WT control littermates (Figure 5b) . A similar increase in expression pattern and change in staining pattern for the p63a isoform protein was observed in the SUFU þ / À genetically engineered mice when compared with their WT control littermates ( Figure 5c ). As DNp63a is the only a-isoform expressed in mature epidermis, an increase in the expression of p63a isoforms implies an increase in DNp63a protein.
Together, these observations suggest that deregulation of the HH pathway by either activation of GLI or loss of SUFU in murine models results in an increased expression of DNp63a, the predominant p63 isoform, in vivo.
Keratinocytes defective for p63 expression show a hypoproliferative phenotype.
12 p63 transcriptionally regulates the expression of SHH, which is a known regulator of cellular proliferative potential. 37 Lower levels of SHH protein were observed in TP63 À / À mouse embryonic fibroblasts (MEFs). 37 In order to examine whether substitution of HH into TP63 À / À MEFs would restore the HH pathway, an exogenous HH agonist 1.5 (HH AG) 38 was added to TP63 WT and TP63 À / À MEFs cultured in vitro. Addition of the HH AG to TP63 WT MEFs resulted in a significant upregulation of the GLI1 and PTCH transcript as expected. In contrast, the induction of these genes was significantly reduced in TP63 À / À MEFS (Figures 6a and b) . In addition, we found that the HH AG induced a fivefold increase in BCL2 transcript levels in the TP63 WT, but not TP63 À / À MEFs (Figure 6c ). These findings suggest that lack of p63 severely impairs signal transduction in the HH pathway even after compensation for lowered SHH morphogen in TP63-deficient cells. 
Discusssion
The HH and TP63 pathways are essential to epidermal development. Mouse models demonstrate that disruptions in either the HH or TP63 networks have severe consequences in the development of epithelial organs. 17, [39] [40] [41] In humans, mutations and alterations in both TP63 and components of the HH pathway are etiological factors for numerous ectodermal dysplasias and epithelial cancers. 3, [39] [40] [41] [42] The HH pathway is associated with stem cells and the proliferative compartments of tissues. 17 Activating mutations in the HH pathway drive BCL2 expression and proliferation and are a frequent feature of neoplasms including BCC. 3, 19, 20, 41 In addition, GLIs and BCL2 are coexpressed in proliferative compartments of the epidermis. 20 Although, there are numerous studies demonstrating the mechanisms and mutations, that cause an activation of the pathway and lead to carcinogenesis, 3 information is scarce regarding mechanisms by which the HH pathway is suppressed during keratinocyte differentiation.
We found that inducing keratinocytes to differentiate with increased extracellular calcium caused a drop in HH pathway activity and a lowered expression of the target gene BCL2, but not other BCL2 family members. Murine knockout models have shown that only BCL2 among all the BCL2 family members is necessary for normal epidermal development. 43 In addition, overexpression of BCL2 by itself in the suprabasalar layers does not affect epidermal development but alters sensitivity to UV-induced apoptosis. 44 This suggests that merely altering the ratio of apoptotic/antiapoptotic members by enforced BCL2 expression does not affect epidermal development or spontaneous tumor formation. In BCCs, a mutated HH pathway changes expression patterns of a menu of transcriptional targets involved in cell-cycle regulation, differentiation, and apoptosis, including BCL2. Induction of SUFU expression was responsible for a reduction in GLI binding to target gene promoters. This increase in SUFU expression is necessary to lower HH pathway activity and promote differentiation because partial loss of SUFU results in increased GLI activity, disordered differentiation, and tumor formation in mice. 45 Genome-wide ChIP analysis suggests that SUFU is a target of DN (amino-terminal truncated protein) p63a, and our preliminary analysis implies that DNp63a binds the SUFU promoter at an NF-Y-binding site (data not shown). 29, 30 Loss of DNp63a resulted in lowered levels of SUFU mRNA. DNp63a-mediated HH pathway regulation can also be visualized in in vivo mouse models with targeted overexpression of DNp63a to the outer root sheath of the hair follicle. In these mice, a significant change in the cell lineage to a more differentiated state was found with the keratinocytes of the hair follicle expressing differentiation markers K1/K0 and fillagrin not being normally associated with hair follicle keratinocytes. 31 Confirmation of the fact that DNp63a overexpression leads to significant induction of SUFU that shuts down the HH pathway is obtained from analysis of the epidermis from the DNp63a BG mice. We, also observed lowered BCL2 expression levels in the epidermis of DNp63a BG mice. In addition, SUFU is a negative regulator of b-catenin, 46 and analysis of the DNp63a BG mice indicated a suppressed b-catenin/WNT axis. 31 This SUFU-mediated downturn in HH and WNT activity results in depletion of stem cells and also hair loss. Interestingly, BCL2 knockout mice also show significant defects in hair follicle cycling. 47 Together, these observations suggest that DNp63a-mediated overexpression of SUFU restricts HH pathway activation of target genes essential for epidermal cell proliferation and survival. The results of our studies utilizing multiple mouse models of GLI activation established HH pathway-mediated activation of DNp63a. This is an interesting concept, as it proposes that HH activates DNp63a expression, which, in turn, upregulates the GLI repressor SUFU, which then functions as a node in a feed forward inhibitory loop. This mechanism could explain the reduction in DNp63a in suprabasal keratinocytes, where GLI is undetectable. 48 It has been shown that the b and g, but not the a-isoforms of TP63, are potent activators of SHH transcription, the loss of which could account for the severe proliferative phenotype of the TP63 À / À keratinocytes. 12, 37 Our results, however, show that the addition of exogenous HH AG to the TP63 À / À MEFs resulted in significantly lowered GLI transcriptional activity compared with control WT MEFs. This suggests that TP63 has other functions besides transcriptional regulation of the SHH ligand in actuating the HH network. In this regard, GLI3 and SMO have been identified as potential targets of p63, and lowered expression of SMO could result in lowered HH pathway activity. 30 In addition, TP53 is a negative regulator of target genes of the HH pathway. 49, 50 p63 might potentiate HH pathway activity by preventing TP53-mediated inhibition of the HH pathway, as loss of TP53 in keratinocytes results in enhanced expression of SMO. 51 This is in agreement with previous studies in which knockdown of TP53 in TP63-ablated keratinocytes can rescue the proliferative deficiency but not the lack of differentiation induction. 12 On the basis of our findings, induction of differentiation and inhibition of an active HH pathway by SUFU would require the transcriptional activity of DNp63a.
The formation of the adult epidermis requires the multiplication of the stem cell pool and the initiation of differentiation and stratification of keratinocytes. It has been hypothesized that TP63, especially DNp63a, is required for stem cell proliferation, and that TP63 deficiency results in defects in the cycling of stem cells. 52 Alternatively, it has been suggested that loss of TP63 prevents keratinocytes from entering terminal differentiation and that TP63 is necessary for initiation of differentiation. 52 Our study for the first time presents a model demonstrating a potential cross regulation of the HH and TP63 pathways in keratinocytes that maintains epidermal homeostasis by controlling both proliferation and differentiation. On the basis of our findings, we propose a model (Figures 7a and b) in which HH pathway activation in basal keratinocytes results in increased expression of DNp63a and BCL2. This increased expression of DNp63a is important for cell regeneration and replication because it probably serves to inhibit TP53 activity and promote the HH pathway. Differentiation stimuli cause the cell to detach from the basement membrane and initiate the differentiation program. At, or prior to this point, increased levels of DNp63a activate SUFU expression. Accumulation of SUFU protein shuts off the HH pathway by restricting effector GLIs to the cytoplasm. This loss of GLI activity prevents activation of survival/proliferation pathways in differentiated cells including loss of BCL2 expression. This also indirectly affects DNp63a expression, a GLI target, whose lowered expression is observed in differentiated keratinocytes. 53 Though absolute p63 levels are lower in differentiated cells compared with the keratinocyte stem cells, the levels of phosphorylation of the p63 protein is greatly increased. Suzuki et al. 54 suggest that phosphorylation of p63 in keratinocytes in response to calcium occurs before differentiation induced degradation of p63. Our model also suggests a potential explanation for the apparently opposing functions proposed for TP63 by suggesting that TP63 is necessary for cell proliferation by activation of SHH expression and the potentiation of the pathway in the presence of TP53. In addition, DNp63a can inhibit GLI by transcriptionally activating SUFU, thereby initiating differentiation.
Although our model of TP63/HH crosstalk rather simplistically attempts to explain the dual roles of TP63 in epidermal development, in reality, regulation of epidermal homeostasis is more complicated and involves the interaction of other developmental networks, including the WNT and NOTCH pathways. 40 Our study is also limited in that it focuses only on DNp63a. This isoform accounts for a majority of TP63 expressed in the epidermis but we cannot exclude the role that the TA, b-, and g-isoforms might have in tissue development. Studies attempting to investigate the individual roles of the TA and DNp63a isoforms of TP63 found that though DNp63a can greater compensate for TP63 loss, both isoforms are required for complete epidermal function. 6, 55 Loss of TP53 enhances HH driven BCCs by increased SMO expression, a potential p63 target. 51 The mechanism by which TP53 affects p63-mediated potentiation of the HH pathway has not been elucidated. TP53 is frequently mutated in BCCs and mutated TP53 can affect TP63 function. 56 How mutated TP53 might affect the HH/DNp63a crosstalk merits further exploration. In conclusion, we propose a model for crosstalk between the HH and p63 signaling pathways in keratinocytes. We characterized DNp63a as both a transcriptional controller of SUFU and also a target of HH pathway overexpression. Thus, our study might help partially elucidate the complicated dual role that TP63 has in keratinocyte proliferation and differentiation.
Materials and Methods
Cell culture. The H1299 cell line was grown in RPMI medium, and ME-180 cells were grown in McCoys 5a media. HaCaT keratinocytes and the WT and TP63 À / À MEFs (ER Flores) were grown in DMEM with glutamine. All the aforementioned media were supplemented with 10% fetal calf serum. PHKs were isolated and propagated as previously described. 19 For experiments in which calcium concentrations were changed, KBM-2 media (Cambrex, East Rutherford, NJ, USA) was used with the addition of CaCl2 (Cambrex) to modulate calcium levels in the media. PHKs were placed in KBM-2 medium supplemented with the KGM-2 (Cambrex) growth bullets (comprises BPE, hEGF, insulin, hydrocortisone, epinephrine, transferring, and GA-1000) with 0.05 mM calcium at least 24 h before experiments after washing off the 3T3-J2 feeder cells. 3T3-J2 cells were cultivated in DMEM supplemented with 10% calf serum. Neonatal PHKs (HEKn) obtained from Invitrogen (Carlsbad, CA, USA) and used for protein expression studies were grown as previously described. 25 Induction of differentiation of HaCaTs was carried out as previously described. 29 Treatment with HH agonist 1.5 (Cellagen Tech, San Diego, CA, USA) was carried out as previously described. 57 Transfections with plasmid DNA were carried out using Lipofectamine 2000 (Invitrogen) for H1299/ME-180 cells and Lipofectamine (Invitrogen) or Polyjet (Signagen, Rockville, MD, USA) for PHKs as per the manufacturer's protocols. siRNA transfections irrespective of cell line were performed with Lipofectamine 2000 (Invitrogen) according to the manufacturer's recommendations. Lentivirus production and subsequent transduction of PHKs with GLI1 (pLL3.7 GLI1) or control (pLL3.7 EGFP) were carried out as described in Kasper et al.
58
Plasmid constructs. The human DNp63a expression vector (J Pietenpol, Vanderbilt, TN, USA), GLI reporter, 59 GLI2 expression vector (F Aberger), and SUFU expression vector (R Toftgard) were gifts from the respective investigators. The 2.8-kb BCL2-LUC construct was generated as previously described 19 and was cloned into the PGL3E luciferase vector (Promega, Madison, WI, USA).
Luciferase assays. Transfections with the promoter luciferase construct and a control renilla luciferase were carried out in triplicate for each experiment. Protein lysates were taken at indicated time points after transfection according to the prescribed protocol. Luciferase assays were carried out as per the manufacturer's instructions using the Dual Luciferase Assay kit (Promega), and luciferase readings were taken on a TD 20/20 luminometer (Turner Design, Sunnyvale, CA, USA). Luciferase readings were normalized to renilla luciferase as indicated. Data is presented as the mean of three independent experiments with error bars representing ±S.E.M.
EMSA and methylcellulose assays. The methylcellulose suspension assay was carried out as previously described. 26 EMSAs with the GLI consensusbinding site oligonucleotides were carried out as previously described. 19 Quantitative PCR. RNA extracted using the RNeasy Mini kit (Qiagen, Valencia, CA, USA) was used in synthesis of cDNA with reverse transcriptase (Invitrogen). qPCR reactions were set up in triplicate for each probe and condition using Taqman probes (Applied Biosystems, Carlsbad, CA, USA) or primers with SYBR green Mastermix (Applied Biosystems). Results were analyzed using the DDCt method with target gene expression normalized to GAPD, HPRT, or b2 macroglobulin. Data is presented as the mean of the experiments with error bars representing ± S.D. Details regarding individual probes and sequences are included in the Supplementary Materials.
Immunofluorescence and IHC. Dorsal skin from WT and DNp63 BG animals was dissected and fixed in 10% neutral-buffered formalin, dehydrated, paraffin embedded, and sectioned to 5 mm thickness. Slides were deparaffinized and rehydrated through a graded alcohol series. Antigen retrieval was performed by boiling the slides in a microwave for 20 min in antigen retrieval solution (10 mM sodium citrate, 0.05% Tween-20, pH 6.0). Next, slides were rinsed briefly in phosphate-buffered saline, circled with a PAP pen, and blocked in 5% bovine serum albumin, 0.1% Triton X-100 in phosphate-buffered saline for 1 h. Primary antibodies used at the indicated dilutions were SUFU (1 : 50) (Epitomics, Burlingame, CA, USA) and anti-p63 (clone 4A4; 1 : 50), (Santa Cruz Biotechnology, Dallas, TX, USA). Secondary antibodies used were anti-rabbit IgG Alexa 568 and anti-mouse IgG 488 (1 : 250) (Molecular Probes, Eugene, OR, USA). DAPI was used to stain nuclei. Reagents and protocols from the MOM Basic Kit (Vector Labs, Burlingame, CA, USA) were used. Epidermal tissue obtained from the GLI1 and SUFU TG mice used for IHC were formalin fixed and paraffin embedded. After deparaffinization, the slides were treated in Target Retrieval solution citrate buffer (pH 6.0) (Dako, Carpinteria, CA, USA) and heated in a pressure cooker for 30 min. Slides were processed and probed as previously described. 60 Antibodies are listed in the Supplementary Methods.
Genetically engineered mice. All mice were generated in accordance with the guidelines prescribed by the respective institutions. The DNp63a BG mice were generated as described. 31 Briefly, mouse oocytes from C3Hf/HeRos Â C57BL/10 Rospd mice were microinjected with an HA-DNp63a DNA construct. PCR genotyping was used to identify the founder lines, which were then crossed with K5tTA mice. The SUFU WT and SUFU þ / À mice have been previously described. 45 Briefly, a pSufuDexon1 neo-targeting vector was generated to replace exon1 of SUFU with the neocassette upon homologous recombination in embryonic stem cells. Clones transfected with stable integration of the targeting vector were then isolated. The selected embryonic stem cells were injected into blastoscysts from C57BL/6 mice, which were then implanted into B6CBAF1 recipient female mice. Backcrossing of the male chimeras was carried out with C57BL/6 mice. The GLI1 TG mice used in this study were generated by crossing TREGLI1 mice with K5tTA 61 mice as described. 36 Briefly, the full-length human GLI1 cDNA was cloned into the tetracycline responsive TRE/pBSA vector. After sequence verification this vector was then microinjeceted into the nuclei of fertilized (C57BL/6J Â CBA) F 2 oocytes. Transgene positivity was confirmed by PCR genotyping, and the selected mice were crossed with K5tTA mice. 61 Microscopy. IHC images were acquired using a Nikon Eclipse 80i (10 Â 40 magnification) fitted with a Nikon DS Fi1 color camera all controlled through Nikon Elements software (Nikon Instruments, Melville, NY, USA). Immunoflouresence images were acquired at Â 40 magnification and captured using a Nikon digital camera attached to a Nikon FXA fluorescence microscope. Image analysis was performed with Adobe Illustrator software (Adobe Systems, San Jose, CA, USA).
Statistical analysis. Student's t-test was used to calculate significance between treatment groups, and a P-value o0.05 was considered significant.
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